The standard reference Caenorhabditis elegans strain, N2, has evolved marked behavioral changes since 10 its isolation from the wild 67 years ago. Laboratory-derived variation 
Introduction

27
Since the fundamental work of Gregor Mendel elucidating the laws of genetic transmission, model 
70
In order to distinguish between these hypothesis, we performed pairwise competition experiments following 71 a number of environmental and/or genetic manipulations. Surprisingly, our results suggest that neither 72 hypothesis is correct. While the derived npr-1 and glb-5 alleles increase fitness of animals on agar plates, 73 the differences in social vs. solitary behavior are not necessary for their differences in fitness. Instead, our 74 work suggests that fitness gains are due to increases in feeding rates, mediated by changes to the neural 75 circuits that control pheromone responses. Our work demonstrates that even when alleles are identified 76 that confer fitness advantages, care must be taken in inferring the phenotypes that are responsible due to 77 the pleiotropic actions of genetic changes.
78
Results
79
Derived alleles of npr-1 and glb-5 increase fitness in laboratory conditions
80
In previous reports, we have used multigenerational pairwise competition experiments to compare the , which we will refer to as barcoded strains. These barcoded strains 88 allow us to use a common Taqman probe to quantify the relative fitness of a test strain against these 89 barcoded strains. We confirmed that the dpy-10 silent mutation had no statistically significant effect on 90 fitness in two genetic backgrounds studied throughout this report (Figure 1e ).
91
In order to test the fitness effect of the derived alleles of npr-1 and glb-5, we utilized three previously 
95
in size and the glb-5 introgressed region is ~290 kb in size. For brevity, we will refer to genotype of these 96 introgressed regions throughout this report by the ancestral/derived allele they contain (e.g. the ancestral 97 allele of npr-1 vs the introgressed region containing the ancestral allele of npr-1). In contrast to the N2 98 strain, the CX12311 strain aggregates at the border of bacterial lawns where O2 levels are lowest due to 99 the increased height of the bacterial lawn. We confirmed previous reports that both the derived alleles of Derived alleles in npr-1 and glb-5 arose after isolation from the wild and caused changes in foraging behavior in the N2 reference strain. These genes regulate the activity of the URX/RMG neural circuit. b. Schematic of pairwise competition experiments used throughout the paper to quantify fitness differences between two strains. c. Relative proportion of each strain as ascertained by Droplet Digital PCR (dots) is used to estimate relative fitness (line). d. Silent mutations were edited into the 90 th or 92 nd amino acid of the dpy-10 gene using CRISPR/Cas9 to create a common SNV for Droplet Digital PCR. We refer to these as barcoded strains. e. Competition experiments between the parent strain (top) and the same strain containing one of the silent mutations. We display each competition experiment as a dot overlaid on top of a boxplot showing the mean, first, and third quartiles. f. The bordering rate of the N2 reference strain compared to three NIL strains containing ancestral alleles of npr-1 and/or glb-5 introgressed from the CB4856 wild strain. Schematic of each NIL shown below along with the allele of npr-1 and glb-5 they contain. Orange represents N2-derived DNA and blue represents CB4856-derived DNA. To ascertain statistical significance, ANOVA was used followed by a Bonferonni correction for multiple tests. confidence interval), the estimated selective coefficient of the npr-1 allele in the glb-5 ancestral background coefficients are comparable to beneficial alleles identified in other organisms, such as the haplotype
116
responsible for lactase persistence (~0.01-0.19) (Bersaglieri et al. 2004 ) and the sickle-cell trait (0.05 -117 0.18) in humans (Li 1975 ).
118
While the introgressions surrounding the npr-1 and glb-5 genes are relatively small, these NIL strains carry 119 additional polymorphisms in surrounding genes from the CB4856 strain. We also performed competition 120 experiments using two previously published npr-1 loss-of-function alleles (ad609 and ky13) (de Bono and
121
Bargmann 1998) against the N2 barcoded strains. Both the npr-1(ad609) and npr-1(ky13) loss-of-function 122 alleles decreased the animal's relative fitness in an amount comparable to the ancestral allele (Figure 1h ).
123
We did not perform similar experiments on the glb-5 gene. Altogether, our work suggests that the npr-1 124 derived allele increases fitness of animals in laboratory conditions and also suggests that the derived allele 
136
confirmed that we could suppress the bordering behavior differences between CX12311 and N2 by 137 reducing environmental O2 levels to 10% or 3% using a Biospherix chamber (Figure 2a and Videos S1-138 4). CX12311 animals did not form any social groups in the center of the lawn at the lowered O2 levels and 139 were indistinguishable from N2 by visual inspection. Despite the behavioral similarity of these animals at 140 these lower O2 levels, the relative fitness differences between the N2 and CX12311 strains remained 141 (Figure 2b) . To further confirm that aggregation behavior was not necessary for the fitness differences,
142
we also performed competition experiments on uniform bacterial lawns (UBLs), which are constructed so 143 that the entire plate is covered with a thin bacterial lawn to remove the O2 gradients created by the unequal 
147
Animals that carry the ancestral npr-1 allele can burrow into agar when food is depleted (de Bono and
148
Bargmann 1998), raising the possibility that the fitness gains of N2 could be a result of the transfer process,
149
which selects for animals on the surface of plates. While visual inspection of the two strains at 10% and 150 3% did not reveal any obvious differences in burrowing behavior, we also tested the role of burrowing in 151 the fitness differences more rigorously by using modified nematode growth plates that contain agarose 
154
These experiments motivated us to also test the relative fitness differences of eleven other wild strains 155 isolated from different parts of the world using strains provided by the C. elegans Natural Diversity 
Development speed and spermatogenesis are increased in N2 in an O2-independent manner
164
To gain more insight into the phenotypes that could be responsible for the fitness increases of the N2 strain,
165
we performed RNA sequencing to analyze the transcriptomes of bleach-synchronized N2 and CX12311
166
animals grown in either 10% O2 or 21% ambient O2 levels. Animals were allowed to develop to the L4 stage Fitness advantage of N2 is independent of foraging behavior. a. Environmental O2 levels were manipulated using a Biospherix chamber. Bordering behavior was suppressed in CX12311 at 10% or 3% environmental O2 levels. b. Fitness advantages of N2 over the barcoded CX12311 strain were independent of environmental O2. c. Fitness advantages of N2 were also present on uniform bacterial lawns (UBL) where animals were unable to border and on plates containing agarose which prevent burrowing behaviors. d. A panel of 11 wild strains was tested for bordering behavior. Each of these wild strains contains ancestral alleles of glb-5 and npr-1. e. Competition experiments between 11 wild strains and barcoded CX12311 animals. Despite the similarity of bordering behavior, these wild strains displayed a range of relative fitness.
genes (Figure 3b) . These results suggest that the foraging behavioral differences are not responsible for 178 the underlying transcriptomics differences between the different strains and environmental conditions.
179
The effects of the derived npr-1 and glb-5 alleles mimics the effects of lowering environmental O2 from 21% 180 to 10%. To further gain insight into this connection, we plotted the average transcriptional change between 181 the strain backgrounds vs the average transcriptional change between the environmental O2
182
Figure 3. Reproductive timing in N2 occurs earlier than the CX12311 strain. a. PCA analysis of transcriptional profiles of bleachsynchronized N2 and CX12311 animals grown in 10% or 21% environmental O2 (six replicates per strain/condition). The largest two eigenvectors are shown, along with the amount of variance they explain. Developmental age of animals is approximately L4 stage. b. Hierarchical clustering of normalized, differentially expressed genes. Columns show strain and conditions; rows show gene expression. c. Averaged effect of genotype (y-axis) vs environment (x-axis) for each differentially expressed gene. A small cluster of 652 genes with similar changes is circled in red. d. The developmental expression of these 652 genes was further investigated using a previously published dataset. Columns show developmental stage and rows show each gene. Most of these gene peaked in expression in L4 hermaphrodite animals and was further enriched in male L4 animals (Male). Soma indicates expression levels from somatic cells, suggesting this cluster is enriched in germline cells. e. Animals identified with mature sperm. x-axis indicates time since synchronization using hatch-off. Strain/condition shown in legend. f. Number of sperm produced by each strain as determined by DAPI straining. g. Averaged total number of offspring produced by each strain when grown in different environmental O2 levels. h. Averaged egg-laying rate of L4-synchronized N2 and CX12311 animals when grown at different O2 levels. x-axis indicates time since L4 stage. i. Number of animals observed with fertilized eggs in their uterus. x-axis indicates time from synchronized egg-lay.
suggests that the environmental and genetic perturbations had identical effects on transcription for all of 185 these genes. When we inspected this list of genes, we noticed a large number of genes that are known to 186 be involved in spermatogenesis. We further investigated the developmental regulation of these 652 genes 187 using previously published transcriptomics data isolated from hermaphrodites or males at specific 
193
We reasoned that the transcriptomics data could indicate a difference in the relative timing of 
209
The timing of sexual maturity is an important factor in determining the fitness of animals. We also tested 210 whether the differences in timing of spermatogenesis could lead to differences in when fertilized eggs are 211 produced. We performed similar experiments as above and monitored the time fertilized eggs could be 212 observed in the uterus at two-hour intervals. Again, we observed a difference in N2 and CX12311 animals 213 at both 10% and 21% environmental O2 levels. N2 animals were observed to contain fertilized eggs 214 approximately one hour earlier that CX12311 animals (Figure 3i) . The difference in timing of more sperm before switching to oogenesis.
217
These experiments suggest that the differences in transcription between N2 and CX12311 could be caused 218 by differences in sexual maturity. We are unable, however, to explain the differences in transcription we 219 observed between 10% and 21% O2 as mature sperm was observed at similar times in these different 220 environmental conditions (Figure 3e) . Potentially the rate of spermatogenesis or expression levels of 
237
To test this hypothesis, we first utilized a previously described feeding assay to measure the ability of a 
241
Figure 4. Feeding differences of strains containing derived alleles. a. N2 and CX12311 animals were synchronized by hatch-off and allowed to grow at the indicated O2 levels for 72 hours. Video recordings were used to estimate the size of the animals. b. A previously published liquid, bacterial clearing assay was used to estimate food consumption for the CX12311 and N2 animals. On day 4, N2 animals had consumed more bacteria than CX12311 animals. c. To test food consumption on agar plates, we developed a new assay by seeding 24-well agar plates with defined amounts of OP50-GFP bacteria. The number of bacteria on the plate could be estimated using a microplate reader. d. N2 animals consumed more food than CX12311 regardless of foraging behaviors. e. We tested the effect of the N2 allele of npr-1 in the CB4856 wild strain using the CX11400 NIL strain. Background indicates whether the genomic background is N2 (orange) or CB4856 (blue) f. Competition experiments between CB4856 and N2 strains or CB4856 and the CX11400 NIL. g. Pharyngeal pumping rates of N2, CB4856 and two NIL strains.
cleared the bacteria faster than CX12311 animals (Figure 4b 
it difficult to generalize the results from one condition to the other. To this end, we developed a new feeding 244 assay on agar media in 24-well plates. In this assay, each well was seeded with a defined amount of OP50-more food than CX12311 in both environmental conditions (Figure 4d) . Interestingly, we also found 248 animals grown in 10% O2 also consume more food than animals grown in 21% O2. These experiments 249 indicate that N2 animals consume more food than CX12311.
250
We next decided to test whether the derived allele of npr-1 could increase the fitness and feeding rate in 251 a different genetic background. We used the CB4856 strain, which has relatively low relative fitness in 252 laboratory conditions (Figure 2d 
257
The food consumption of these strains was consistent with the fitness differences (Figure 4f) . The derived 258 allele of npr-1 increased food consumption in both genetic backgrounds but its effect was higher in CB4856.
259
Food is consumed from the environment by the periodic contraction and relaxation of the pharyngeal 260 muscle which serves to bring material from the environment into the pharynx and filter out bacterial cells
261
(Fang-Yen, Avery, and Samuel 2009). To test whether the increase in food consumption could be 262 explained by an increase in the rate of pumping, we measured the pharyngeal pumping rate of the 263 CX12311, N2, CB4856, and CX11400 strains. The effects of the derived allele of npr-1 was epistatic with 264 respect to the N2 or CB4856 background. The derived allele decreased the pumping rate in the CB4856 265 background but had no effect in the N2 background (Figure 4g) . The effect of the derived allele of npr-1 266 is opposite to our expectation and indicates that increased pharyngeal pumping is not responsible for the 267 increased feeding rates. We also measured a number of size parameters of the pharynx but found no 268 obvious differences that could account for the increased food consumption (Figure S1 ). Potentially the 269 pharynx is more efficient at bringing food in from the external environment due to stronger pump strength 270 or more efficient filtering processes. (Figure 5b) . In addition, daf-22 was necessary for the faster 338 sexual maturity (Figure 5c ) and increased food intake (Figure 5d ) of the N2 strain compared to CX12311.
339
These data suggest that npr-1 and glb-5 reprogram pheromone responses resulting in increased sexual 340 maturity and ability to consume food.
341
Discussion
342
In this report, we studied the fitness consequences of two derived alleles that arose and fixed in the N2
343
strain after isolation from the wild. We find that both alleles can be adaptive, with selective coefficients that 
365
the presence of laboratory-derived alleles in mapping populations will skew not only the allele frequencies
366
of these beneficial alleles, but also natural genetic variants that interact epistatically with them.
367
Evolution of behavioral traits is one strategy for animals to respond to a new environment. The identification
368
of a polymorphism in npr-1 has served as an example of how behavioral variation can arise from genetic 369 variation. However, our work suggests that the behavioral changes of N2 are not sufficient for explaining 370 its fitness gains. Rather, we propose that changes to food intake, sexual maturity, and fecundity are more 
377
from the mixed bacterial species encountered on rotting material in the wild. Alternatively, differences in 378 feeding behaviors unrelated to social/solitary behaviors might also mediate the differences in food intake.
379
The changes to fitness and feeding rate appear to be mediated by the nervous system, potentially as a 
387
Our work underscores issues with growing organisms in the laboratory for multiple generations. Despite 388 the attempts of researchers to create fertile conditions for nematodes to grow in, we found a large 389 difference in relative fitness between different strains of C. elegans when competed in the laboratory.
390
Natural genetic variation and de novo variation both result in fitness differences that selection can act on.
391
Experimenters using wild strains of nematodes must take care in designing experiments to account for this,
392
especially in wild strains with lower initial fitness levels. We believe that the laboratory selection pressures
393
we characterized here will generalize to other invertebrate and vertebrate animals. If so, the behaviors and 394 physiology of these animals will also be modified over generations of growth. Our work suggests that not only will the traits that confer fitness advantages be modified, but potentially additional traits due to the
Methods
403
Strains
404
The following strains were used in this study: 
463
freezer for future genomic DNA isolation. Genomic DNA was collected from every odd generation using a
To quantify the relative proportion of each strain, we used a digital PCR based approach using a custom (1)
482
Aerotaxis assays
483
To measure bordering rates, two -week old NGM plates were removed from a 4C cold room, seeded with 
486
Bordering behavior was quantified using a dissecting microscope by identifying animals whose whole body 487 resided within 1mm of the border of the bacteria lawn.
synchronized using alkaline-bleach to isolate eggs. These eggs were washed three times using 
503
Feeding rate, pharyngeal pumping rate, and pharyngeal size assays
504
The 24 well-plates were prepared by pipetting 0.75mL NGM agar contain 25uM FUDR and 1x Antibiotic- 
517
point from each well was normalized using the fluorescence signal degradation amount of control wells.
518
The normalization was performed using the equation as below: 
533
The diameter of pharyngeal metacorpus, diameter of terminal bulb diameter, procorpus length, and 534 isthmus length were measured by ImageJ software.
535
Reproductive timing and growth assays
536
To measure reproductive timing, animals were synchronized by picking ten adult animals onto an NGM 537 plate, allowing them to lay eggs for two hours, and then removing the adult animals from the plate. These offspring were then monitored using a 12x dissecting microscope at indicated time points to count the 539 number of animals with oocytes and fertilized eggs in their uterus. A subset of these animals was washed 540 off at indicated time points and fixed in 95% ethanol and stained with DAPI. Each spermathecal was
